Introduction
============

Cigarette smoking is an independent risk factor for cardiovascular disease that can lead to intravascular thrombosis. It is associated with significantly increased rates of acute coronary syndrome and sudden cardiac death ([@b1-mmr-17-01-1724]). Autopsy and clinical studies also demonstrated that smoking is critical to arterial thrombosis via a direct toxic effect on the injured endothelial cells, resulting in alterations of the hemostatic system and an increase in platelet reactivity that is relevant for the pathogenic effect of atherothrombosis ([@b2-mmr-17-01-1724],[@b3-mmr-17-01-1724]). Thrombosis is affected by the anticoagulation and hemostatic systems. However, the mechanism by which cigarette smoking causes thrombosis via the anticoagulant system is not clear.

Thrombomodulin (TM) expressed on the surface of the endothelial cells is critical for anticoagulation ([@b4-mmr-17-01-1724]). Its major function is to form a complex with thrombin at a 1:1 high affinity, which activates protein C. Activated protein C is a natural anticoagulant that interacts with the endothelial protein C receptor (EPCR) to enhance the function of anticoagulation system. Functional deficiency of the anticoagulation system could enhance thrombosis formation. As observed, the endothelium-specific loss of TM in mice led to spontaneous and fatal thrombosis in their arterial and venous circulation ([@b5-mmr-17-01-1724]). For human beings, the downregulation of endothelial TM or EPCR expression in certain pathologic conditions, including meningococcal sepsis and graft rejection, may result in thrombotic complications ([@b6-mmr-17-01-1724],[@b7-mmr-17-01-1724]). Thus, it was hypothesized that cigarette smoking could reduce the essential antithrombotic functions of endothelial cells by inhibiting TM or EPCR expression.

Cigarette smoke comprises \>5,600 distinct components ([@b8-mmr-17-01-1724]). Hence, it is important to identify which specific components might be responsible for the observed effects. Nicotine is an indispensable constituent of cigarette smoke. Studies have demonstrated that nicotine serves as a catalyst for endothelial and smooth muscle cell proliferation, and angiogenesis, vascular inflammation and enhancement of atherogenesis ([@b9-mmr-17-01-1724]--[@b12-mmr-17-01-1724]). Therefore, it was hypothesized that nicotine may also contribute to the development of thrombosis by inhibiting TM or EPCR expression.

To evaluate these hypotheses, a novel study was performed to examine the effects of cigarette smoke extract (CSE) and nicotine on TM and EPCR expression in human umbilical vein endothelial cells (HUVECs) *in vitro*.

Materials and methods
=====================

### Materials

Nicotine was purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). The monoclonal antibodies for TM (cat no. ab6980) and EPCR (cat no. ab56689) were obtained from Abcam (Shanghai, China). Goat polyclonal anti-mouse immunoglobulin G (IgG)-fluorescein isothiocyanate (FITC) (cat no. ab6785) was purchased from Abcam. A fluorescent quantitation kit was purchased from Takara Biotechnology Co., Ltd. (Dalian, China). Tumor necrosis factor (TNF)-α was purchased from ProSpec (East Brunswick, NJ, USA). The reagents collagenase I, medium 200 (M200) and low serum growth supplement (LSGS) were bought from Gibco; Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Fetal bovine serum was purchased from Hyclone; GE Healthcare (Chicago, IL, USA). TRIzol reagent was purchased from Invitrogen; Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Factor VIII-related antibody (cat no. ZA-0111) was purchased from Zhongshan Goldenbridge Biotechnology Co., Ltd. (Beijing, China). Goat polyclonal anti-rabbit immunoglobulin G (IgG)-streptavidin horseradish peroxidase (HRP; cat no. 12--348) was purchased from EMD Millipore (Billerica, MA, USA). Other reagents used in the experiments were all of analytical grade.

### CSE preparation

CSE was prepared using a previously reported method with slight modification ([@b13-mmr-17-01-1724],[@b14-mmr-17-01-1724]). Two cigarettes \[each containing 1.1 mg nicotine, 13 mg carbon monoxide and 12 mg tar (without filters; Hongmei brand, Hongta Tobacco Group, Yuxi, China)\] were smoked consecutively through a tea infusion using a 50-ml injection syringe with a constant airflow. The smoke was bubbled through 50 ml phosphate buffered-saline (PBS, 10 mM Na~2~HPO~4~, 1.8 mM KH2PO4, 2.7 mM KCl, 140 mM NaCl, pH=7.4) controlled by a three-way cock mimicking the gas fluid pathway during the smoking process in the human lung. The obtained CSE solution was filtered through a 0.22-µm filter to remove bacterial and large particles. The pH of the CSE-PBS buffer was adjusted to a final value of 7.4. The concentration of this obtained stock solution was defined as 100% CSE, and the solution was diluted using PBS to a final concentration required in the experiment. The CSE solution was prepared immediately prior to each experiment.

### Cell culture

HUVECs were isolated using an enzymatic technique ([@b15-mmr-17-01-1724]). Umbilical vein was obtained from the umbilical cord of a healthy baby born by caesarean section in the Department of Gynecology and Obstetrics, the General Hospital of Chinese People\'s Armed Police Forces (Beijing, China). Mothers agreed and provided signed consent forms. Approval was obtained from the hospital ethics committee. The veins were flushed with PBS, filled with 0.1% collagenase I, clamped at either end, and incubated in 95% air/5% CO~2~ at 37°C for 15--20 min. The collagenase solution was subsequently decanted into a sterile tube and centrifuged at 300 × g for 10 min at 37°C to produce an enteric-coated pellet. The pellet was then resuspended in the low serum endothelial cell medium (M200 + LSGS) in an atmosphere of 95% air/5% CO~2~ at 37°C. The medium was replaced after 24 h, and subsequently every 48 h; HUVECs were plated onto gelatin-coated 35-mm dishes (2×10^5^ cells/ml) and incubated overnight to produce a confluent monolayer of cells. The cells were used for the experiment at passages 2--3. Factor VIII-related antibody was used to identify endothelial cells by immunocytochemistry staining ([@b16-mmr-17-01-1724]). HUVECs were fixed in 4% paraformaldehyde solution for 30 min at 4°C, washed in 0.1 M glycine (2×5 min, 22°C), incubated with 3% hydrogen peroxide (5 min, 22°C), rinsed in 0.01 M PBS (6.8 mM Na~2~HPO~4~, 2.6 mM NaH~2~PO~4~, pH 7.2), and incubated with heat-inactivated goat serum (1:20 in 0.01 M PBS, 1 h, 22°C). Cells were incubated with Factor VIII-related antibody (1:100 dilution), overnight at 22°C in a humidified chamber. Cells were washed in 0.01 M PBS (6×5 min, 22°C), incubated with goat polyclonal anti-rabbit immunoglobulin G (IgG)-streptavidin HRP (1:200 in 0.01 M PBS; 1 h, 22°C). After a further 3×5 min washes in 0.01 M PBS, cells were incubated with 0.1 M acetate buffer (pH 5.3; 3 min, 22°C), and 3-amino-9-ethylcarbazole solution for 3 min at 22°C for detection of vWF. Cells were rinsed in distilled water. Coverslips were mounted onto microscope slides using glycerol. Photomicrographs were obtained using a Nikon DS-Fi2 camera connected to a Nikon Eclipse Ti microscope.

The HUVECs were seeded into 6-well plates (2×10^5^ cells/ml). The cells were then grown in complete medium for 48 h to 90% confluence, with a change of the medium, and incubated with 0.5, 1, 3.5 or 5% CSE or 10-3 to 10-9 mol/l nicotine for 0, 6, 10, 12 or 24 h. Control cells received only the fresh medium. All experiments were performed in triplicate.

### RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

The cells were washed with cold PBS twice, and total RNA was extracted using TRIzol reagent. Briefly, the cells were harvested and treated with 0.5 ml TRIzol reagent for 5 min at room temperature and then centrifuged at 12,000 × g for 15 min at 4°C. The aqueous portion containing RNA was transferred to another RNAase-free Eppendorf tube, and 0.5 ml isopropanol was added and incubated for 10 min at room temperature, followed by precipitating total RNA by centrifugation at 7,500 × g at 4°C for 10 min. The pellet was then washed with 75% ethanol twice and dried at room temperature on ice for 5 min; total RNA pellet was dissolved in 20 µl H~2~O. The RNA concentration was measured at A260/A280 using the NanoVue spectrophotometer. cDNA was obtained from reverse transcription of 1 µg total RNA in a 20-µl reaction volume using an iScrip cDNA Synthesis kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

The primers for TM and β-actin were designed using Beacon Designer 2.1 software (Premier Biosoft International, Palo Alto, CA, USA) and synthesized using Sangon Biotech, Co., Ltd. (Shanghai, China). The designed oligonucleotide sequences were as follows: TM: 5′-CCCAACACCCAGGCTAGCT-3′ (forward), 5′-CGTCGATGTCCGTGCAGAT-3′ (reverse); EPCR: 5′-ATTGCTGCCGATACTGCT-3′ (forward), 5′-AGAGGAAAGGCCAAGGTC-3′ (reverse); β-actin: 5′-TCACCAACTGGGACGACA-3′ (forward), 5′-ACAGCCTGGATAGCAACG-3′ (reverse). qPCR was performed using a fluorescent quantitation kit (Takara Biotechnology, Co., Ltd.). Briefly, 1 µl of the reaction product of the RT reaction was used in a 25-µl PCR reaction. The annealing temperature and primer concentration were adapted for each gene. The amplification product was initially incubated at 95°C for 10 sec at 20°C, followed by 40 cycles of denaturation at 95°C for 5 sec, annealing at 45°C for 10 sec, extension at 72°C for 10 sec, and elongation at 80°C for 0.1 sec, using an PCR detection system. Data were analyzed using LightCycler 2.0 software (Applied Biosystems; Thermo Fisher Scientific, Inc.) and presented as the relative amount of mRNA using the formula 2^−∆∆Cq^, which stands for the difference in the quantitation cycle (Cq) between a gene of interest and the housekeeping gene β-actin ([@b17-mmr-17-01-1724]). The Cq is the point at which sample fluorescence rises above the background level. Each sample was measured in triplicate. mRNA (no reverse transcription) or H~2~O (no DNA samples) were included as negative controls.

### Flow cytometry

The cells were harvested and isolated by papain and centrifuged at 500 × g for 5 min at 10°C twice. They were then incubated with anti-TM and monoclonal anti-EPCR antibodies (1:100 dilution) for 30 min at 4°C, washed twice with the PBS buffer, and incubated with FITC-conjugated goat anti-mouse IgG (1:100 dilution) in the PBS buffer at 4°C for 30 min. The cells were washed again with the PBS buffer, and cell-bound fluorescence was determined by flow cytometry, with 30,000 events/sample counted using a FACS calibur cytofluorometer (BD Biosciences, Franklin Lakes, NJ, USA). The data were analyzed using WinMDI 2.9 software (Scripps Research Institute, La Jolla, CA, USA).

### Statistical analysis

Data are expressed as the mean ± standard deviation and statistically analyzed using one-way or two-way analysis of variance as appropriate, followed by the Student-Newman-Keuls method. SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA) was used. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Effects of CSE and nicotine on TM mRNA expression in HUVECs

More than 95% of the endothelial cell cytoplasm contained brown granules, confirming that the cultured cells were HUVECs (data not shown). RT-qPCR was performed to study the effect of CSE and nicotine on TM mRNA expression. CSE treatment for 6 h led to a reduction TM mRNA expression in a dose-dependent manner. Compared with the control group, TM mRNA levels decreased by 27, 30, 67 and 78% following treatment of CSE at 0.5, 1, 2.5 and 5%, respectively (P\<0.01; [Fig. 1A](#f1-mmr-17-01-1724){ref-type="fig"}). With the treatment of CSE (5%), TM mRNA decreased by 79, 80, 83 and 82% at 6, 10, 12 and 24 h, respectively (P\<0.001; [Fig. 1B](#f1-mmr-17-01-1724){ref-type="fig"}). Notably, TM mRNA expression decreased progressively within 12 h; however, it slightly increased at 24 h compared with at 12 h. The specific constituent of cigarette smoke that might be responsible for the observed inhibition was subsequently investigated. As presented in [Fig. 2A and B](#f2-mmr-17-01-1724){ref-type="fig"}, nicotine at a dose ranging from 10-3 to 10-9 mol/l did not cause any significant alterations in TM mRNA expression.

### Effects of CSE and nicotine on TM protein expression levels in HUVECs

Flow cytometry was performed to study the effect of CSE on TM protein expression. With the treatment of CSE (0.5, 1, 2.5 and 5%) for 6 h, TM protein expression levels reduced by 12, 21, 21 and 24%, respectively, compared with the control group (P\<0.05; [Fig. 3A](#f3-mmr-17-01-1724){ref-type="fig"}). With the treatment of CSE (5%) for different times, TM protein expression levels decreased by 22, 27, 54 and 50% at 6, 10, 12 and 24 h, respectively, compared with the control group (P\<0.05; [Fig. 3B](#f3-mmr-17-01-1724){ref-type="fig"}). TM protein expression levels were also observed to decrease progressively within 12 h, and then increase slightly at 24 h. As presented in [Fig. 4A and B](#f4-mmr-17-01-1724){ref-type="fig"}, nicotine did not induce any significant alterations in TM protein expression.

### Effects of CSE and nicotine on EPCR expression in HUVECs

As presented in [Figs. 5](#f5-mmr-17-01-1724){ref-type="fig"} and [6](#f6-mmr-17-01-1724){ref-type="fig"}, CSE and nicotine had no effect on EPCR expression.

Discussion
==========

The present study demonstrated that CSE significantly decreased TM expression in a dose- and time-dependent manner in HUVECs. Both mRNA and protein expression levels were significantly reduced in CSE-treated HUVECs. The data from this study suggested a novel molecular mechanism of cigarette smoking-associated thrombosis by the decreased expression of TM. However, CSE had no effect on EPCR.

Previous studies on the control of TM expression have been performed in HUVECs, but studies on the influence of cigarette smoke on TM and EPCR expression are lacking. Previous studies have demonstrated that the expression of TM is inhibited by inflammatory and procoagulant molecules and environmental factors, including interleukin (IL)-1β, lipopolysaccharide, TNF-α, C-reactive protein, oxidized low-density lipoprotein, transforming growth factor (TGF)-β1, TGF-β2, irradiation and shear ([@b18-mmr-17-01-1724]--[@b20-mmr-17-01-1724]). TM expression was increased by anti-inflammatory and anticoagulant molecules and environmental factors, including retinoic acid, cyclic adenosine monophosphate, IL-4, prostacyclin, okadaic acid, curcumin, vascular endothelial growth factor, prostaglandin E1, statins, histamine and heat shock ([@b21-mmr-17-01-1724]--[@b23-mmr-17-01-1724]). Cigarette smoking is associated with oxidative stress, increased blood thrombogenicity and an inflammatory response. In humans, cigarette smoking is associated with increased levels of multiple inflammatory and procoagulant molecules, such as TNF-α, peripheral leukocytes, C-reactive protein, IL-6 and homocysteine ([@b24-mmr-17-01-1724]--[@b26-mmr-17-01-1724]). Furthermore, cigarette smoke can directly provide free radicals to induce oxidative stress. The present study examined the damaging effect of cigarette smoke on TM expression. It was earlier observed that CSE could notably reduce the binding probability of TM and thrombin ([@b27-mmr-17-01-1724]). EPCR can be downregulated at the transcriptional level by shear stress and inflammation to kinases, including IL-1α and TNF-α ([@b28-mmr-17-01-1724],[@b29-mmr-17-01-1724]). However, CSE had no effect on EPCR.

Cigarette smoke comprises \>5,600 distinct components, of which \>200 have been identified as carcinogens and respiratory toxins. The present study investigated whether nicotine was responsible for inhibiting TM and EPCR expression. Although nicotine is the well-recognized component of cigarette smoke, it had no effect on TM and EPCR expression in HUVECs. Cornel *et al* ([@b30-mmr-17-01-1724]) observed that Korean teenage and adult smokers had 0.27 and 0.5 µM plasma nicotine concentrations, respectively. Al Mutairi *et al* ([@b31-mmr-17-01-1724]) reported a nicotine concentration of up to 13 µM in Kuwaiti smokers. However, the highest concentration tested in this study was \~three times greater than the reported blood levels in smokers. Nicotine still did not induce any change in TM and EPCR expression in HUVECs. Previous studies have demonstrated that the effect of nicotine on thrombohemostatic factors, including platelets, fibrinogen, tissue plasminogen activator and plasminogen activator inhibitor-1, is small and probably serves only a minor role in atherothrombotic events directly ([@b32-mmr-17-01-1724]--[@b34-mmr-17-01-1724]).

The present study demonstrated following CSE treatment, TM expression decreased progressively within 12 h; however, it increased slightly at 24 h. It is possible that the effect of CSE on TM expression reached saturation after 12 h, or a part of soluble substances in CSE volatilized over time, weakening the effect of CSE on TM expression. In addition, the decrease in TM mRNA expression was more obvious than the decrease in TM protein expression at 6 h. It is possible that CSE acts at the transcriptional level, leading to the downregulation of TM protein. The present study had some limitations. The insoluble and volatile harmful ingredients in tobacco were not included in the study, and HUVECs were the only cell model used.

In conclusion, the present study demonstrated that exposure to CSE (except nicotine) significantly decreased the expression of TM in HUVECs in a concentration-dependent manner. The results of the present study support a noevl molecular mechanism of cigarette smoking-associated thrombosis by the decreased expression of TM. Further studies are required to investigate the distinct components in CSE responsible for decreasing TM expression and its associated consequences.
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